At the outset, we should define what is meant here by 'consortium biology': a research programme led by a complementary set of laboratories or institutions, all working towards a common and welldefined goal. This common goal could not be achieved by any one participant, either because of its magnitude or because it requires multidisciplinary input. This definition does not encompass the more common collaborative groupings, in which independent projects are linked under a common thematic umbrella but remain mostly autonomous. Nor does it include the groups that coalesce to conform to politically or administratively imposed frameworks, rather than from objective scientific justification. In general, consortium biology can be considered to be 'big science' (BOX 1) and usually corresponds to discovery-led Abstract | Although the field has a long collaborative tradition, immunology has made less use than genetics of 'consortium biology', wherein groups of investigators together tackle large integrated questions or problems. However, immunology is naturally suited to large-scale integrative and systems-level approaches, owing to the multicellular and adaptive nature of the cells it encompasses. Here, we discuss the value and drawbacks of this organization of research, in the context of the long-running 'big science' debate, and consider the opportunities that may exist for the immunology community. We position this analysis in light of our own experience, both positive and negative, as participants of the Immunological Genome Project. Immunology, as a whole, has perhaps engaged in consortium science less than other fields. Genetics has been far more active, or at least more visible, in this respect, partly because its object of studythe genome -can be parsed into discrete objects (such as genes, base pairs and mutations), giving it a natural scope for descriptive mapping that is missing from the more physiological branches of biology. Indeed, it is more straightforward to split between participants a project to identify, map and/ or sequence specific genes than to organize a concerted approach to a complex process such as immune tolerance. However, there are precedents in immunology (TABLE 1) . The Histocompatibility Workshops in the 1960s, 1970s and 1980s (now continued as the International Histocompatibility Working Group) were of extraordinary importance in deciphering the bewildering allelic variation in MHC loci and in defining a coherent framework for MHC nomenclature, a particular feat given that the serological and cellular reagents available at that time were far from specific. The accuracy of the data generated by this consortium was later confirmed when sequence data became available. The success came from an organization that fostered community participation, structured reagent exchange, carefully optimized operating protocols and the validation of the results from each laboratory using common sets of reagents. One can only imagine what might have occurred if (and this is not an implausible 'if ') the work had been left to individual laboratories, using different sets of typing cell lines and allo reactive sera, competing for publications and naming rights.
S C I E N C E A N D S O C I E T Y
Modelled on the Histocompatibility Workshops, the Human Leucocyte Differentiation Antigens (HLDA) Workshops (1982-present) sorted out the confusion that existed in the early 1980s when it was unclear which monoclonal antibodies were detecting the same cellsurface antigens and each laboratory held steadfastly to a different nomenclature for these antigens. Although the staid CD nomenclature enforced by the HLDA workshop lacked the poetic creativity of Drosophila geneticists, the effort provided a rational framework for the identification of the antigens expressed on cells of the immune system, before the cloning of the corresponding genes.
The Immune Epitope Database is a coordinated effort to define and catalogue in a systematic manner the B and T cell epitopes that dominate responses to microorganisms and other immunological insults, in relation to MHC alleles 3 . More recent has been the initiation of the Immunological Genome Project (ImmGen), a large resource effort aimed at deciphering gene expression and its regulation across the entire immune system, of which we are participants. It is from this perspective that we discuss various aspects of consortium science in general, and its potential in immunology.
Big science, little science As noted above, consortium biology naturally falls into the category of big science. The debate over the advantages and dangers of big science relative to the more individual The pros • For some large questions, big science is simply the only way of getting to the result.
• It promotes a culture of openness, through data and material sharing.
• Collaboration between groups makes, through collective wisdom, for much sounder decisions than would be made by any one individual.
• It promotes uniform standards, data and data formats that are compatible between laboratories, as well as the use of common nomenclature and shared reagents.
• Its results can diffuse broadly, and extend and enrich the 'little science' that follows.
• "Because it's there" (George Mallory). Several years before the lunar landings, Weinberg decried the productions of big science (large accelerators and space exploration) as costly monuments of our era, akin to the Pyramids or cathedrals of past civilizations. Such monuments were products of the culture of their times, but they also contributed, through the economic distortion that they caused, to the decline of the civilizations. But, surely, finding a fundamental particle of the Universe or deciphering the human genome has inspirational value at the individual and societal level that transcends any usual science project.
• It is economical. Through direct economies of scale, high-throughput approaches are less costly than smaller operations. In addition, accelerated technological change can result in more favourable data to cost ratios for all (as was the case for DNA sequencing).
The cons
• Big science competes for limited funding.
• Big science stifles scientific creativity by promoting 'science by committee', fads and 'herd thinking'. • It can lead to 'closed-shop' situations, in which the existence of a large collaborative group effectively blocks alternative initiatives and actually restricts the spread of technology.
• It establishes self-perpetuating structures that tend to create projects to ensure their own survival, rather than for clear scientific need.
• It increases the number and importance of science administrators, creating "science understood by administrators" 4 who "love them [big science projects] because they produce results that can be easily summarized to politicians" 6 , to the detriment of the creativity of individual scientists.
• More data are generated than can be analysed. Data are underexploited and not analysed as carefully as they might be 23 , as is certainly the case today for the flood of genomic data.
• It is wasteful ("spending money instead of thought" 4 ). In scoping large projects, less attention is paid to the value of some analyses than would be the case in small operations.
practice of research has been a constant thread for the past 50 years. The term 'big science' may have been coined in an editorial by Alvin Weinberg that was published in 1961 in the journal Science 4 , in which he raised concerns regarding the financial and educational implications of big science approaches for particle physics and manned space exploration. The arguments raised then were echoed in the 1990s against the Human Genome Project 5 , and more recently against systematic structural biology programmes 6 . These arguments -the advantages and drawbacks of big science relative to the more conventional practice of research
-have remained strikingly relevant over the past 50 years (with the exception, perhaps, of Weinberg's fear that the escalating costs of scientific research would derail national finances).
The main concerns with big science include: the stifling of scientific creativity; the establishment of self-perpetuating institutions, clubs or bureaucracies; and wasteful spending. At the same time, opponents of big science have usually agreed that it is here to stay and that it does have justification in some instances, if it is carefully balanced such that the creativity of 'little science' is not curtailed. As stated by Gregory Petsko 6 , "the best kind of big science is the kind that supports and generates lots of good little science". The interface between big science projects and the wider scientific community may be, if properly managed, an important means to avoid several of the pitfalls of big science.
The big science debate also speaks to what it means to be a research biologist and what personal quest motivates the passion and the long hours in the laboratory or at the computer. To a large extent, biological research is still the quest for 'discovery' , that climactic moment in which a veil is lifted, the puzzle pieces fall into place and the inherent beauty of the natural order is revealed. Eureka moments are rare in consortium biology. No one ever 'discovered' the human genome or the HLA alleles. Rather, the personal sense of accomplishment for participants comes from having contributed to a body of knowledge that is greater than that derived from any one experiment.
An issue with consortium biology is how to acknowledge participants' contributions to the project in publications, as this has a direct impact on careers and funding. In the scientific literature, the semantics of first, last and middle authorships (and their asterisked variants) are well understood, and provide clear indicators of each individual's contribution for evaluation bodies. But in a multiauthor publication, the 23rd position may actually denote a seminal and creative contribution by one of the programme's teams, a contribution essential to the success of the whole. The interpretation of authorship needs revisiting in the context of consortium biology. Interestingly, the US National Institutes of Health (NIH) intramural programme has written into its career promotion rules that equivalent credit can be received from a seniorauthored paper and from co-authorship on a consortium project. In addition, large-scale collaborative programmes have generated novel career paths for biologists who work as staff scientists rather than as principal investigators leading a small laboratory. Contributions from these scientists are essential to the viability of the programmes and the performance and continued improvement of their scientific platforms.
The Immunological Genome Project Aims. ImmGen, initiated in 2007, is a collaborative group of 15 immunology and computational biology laboratories that have sought to perform, under carefully standardized conditions, a thorough dissection of gene expression in the immune system 7 . In the first phase, the group focused on generating gene expression profiles for primary haematopoietic cells from different anatomical locations that were analysed directly ex vivo at finely defined stages of differentiation. Each participating laboratory was responsible for the definition and preparation of the cell populations within their lineage of interest and expertise. In the second phase, ImmGen computational biologists applied reverse engineering techniques to define modules of co-regulated genes and the regulatory programmes that drive the changes in their expression during immune cell differentiation. These baseline data are now being extended through the analysis of immune cells in challenged conditions (such as infections and tumours), and by testing the behaviour of the regulatory network after genetic or pharmacological perturbations.
Achievements. Much of the value of a project of this nature lies in generating data that are consistent across laboratories, and the organization of this project was defined from the start with this goal in mind. With only a few exceptions, all of the mice used were genetically identical and sourced from a single location, and tissue was harvested at a fixed time to avoid circadian variation. All RNAs were processed for profiling at a single location, and bioinformatic quality control was centralized. Cell preparation for sorting primarily involved reagents from a single source and common standard operating procedures (with particular attention to the preparation time between the tissue harvest and the final sort). All preparations were double-sorted, and qualification analyses were performed for all laboratories (although telling investigators with >20 years of experience in flow cytometry that their sorts would need vetting did raise a few hackles).
Overall, the expression datasets generated by ImmGen provide an extraordinarily broad picture of the immune system, the relationships between its lineages and the distribution of functions between the members of large multigene families. Only in the field of immunology could such relationships have been analysed, as no other biological field has resolved the differentiation steps of its component cell lineages to such a degree and possesses sets of reagents for such parsing (although, it must be noted that immunology benefits from dealing with cells that are mostly unattached and readily accessible). In addition, the high granularity of the ImmGen data (>250 cell types were analysed) has illuminated the distinctions between related cell subsets, working from the assumption that cells closely positioned in a lineage differentiation pathway are also closely related from a transcriptional standpoint. These results are discussed in detail in a series of reports from the ImmGen consortium (REFS [8] [9] [10] [11] and manuscripts submitted for publication) and are not detailed here.
As examples, the positions in lineage differentiation pathways of controversial B cell intermediates have been clarified, well-distinguished subpopulations of natural killer T (NKT) cells and γδ T cells have been defined, and unexpected relationships between NKT cells, γδ T cells and memory CD8 + T cells have been uncovered 8 . The results have perhaps been most illuminating for myeloid cells, for which lineage relationships between subsets of dendritic cells (DCs) 10 , macrophages and monocytes have long been elusive, in part owing to the use of limited panels of cell-surface markers. Indeed, from the ImmGen data, some populations were reclassified between DCs and macrophages, and more selective markers were identified.
The analyses by each laboratory in the consortium, focused on their lineage of interest, benefited greatly from the uniformity of the data and from the opportunity to determine cell type-specific signatures against the backdrop provided by all the other lineages. It is clear that no single laboratory could have managed, or would have ever wanted to undertake, such a task on its own. The success of the group is derived from this combination of particular interests, and it is while pursuing, and motivated by, their individual research areas that ImmGen investigators collectively assembled the whole.
The extensive documentation of cell lineage differentiation pathways achieved by ImmGen provided a unique setting for computational analysis and required new algorithms to exploit it. The juxtaposition of bench researchers and computational biologists in the project made for enriching experiences, with each side acquiring a new understanding of a field that was a priori quite foreign. Indeed, some of the analysis 'jam sessions' even inspired some immunology fellows to pursue computational career tracks. But there was also a surprising realization of the depth of differences in mindset and thought processes between the disciplines. Indeed, some of the exchanges between computational biologists and immuno logists proved trickier than anticipated, in part because what seemed like simple requests were actually far more complex than perceived. The semantic rigour of computational processing is not a natural trait for immunologists (for example, there was some difficulty in adopting a common and coherent construction for the 'code names' of the cell types profiled). This incomprehension was probably more common for immunologists than for the geneticists who work with computational biologists in other large projects, as geneticists have long applied mathematical and computational frameworks in their studies. This realization reinforced the importance of training immunology students in computational approaches, tools and mindset.
Opportunities and implications.
ImmGen data and metadata are proving to be valuable resources for the immunology community. In addition to the pre-publication release of basic data through public repositories (such
Glossary

Big science
Scientific research that involves larger instruments or groups of scientists than that more commonly practised in individual laboratories.
Crowdsourcing
A process in which a task is performed, typically in small subfractions, by a large group of people who are a priori undefined and not affiliated to the initiating entity.
Glycomes and lipidomes
The complete sets of polysaccharides (free or complexed) and lipids expressed in a cell or organism.
Proteome
By analogy to the genome (the complete set of genes), the proteome is the complete set of proteins expressed in a cell or organism, and their post-translational modifications.
Reverse engineering
The process of discovering the operational principles of a device or system of unknown structure through analyses of its function and operation. In the analysis of genetic regulatory networks, one starts from the end result of the regulatory network (a large number of measures of gene expression in different cells, with or without perturbation) and computationally infers which regulatory inputs can generate these results. It often involves taking a system apart and analysing its workings with the aim of making a new device or programme that does the same thing without using any physical part of the original.
Text mining
Deriving information from computational analyses of patterns in texts. In biology, text mining refers to discovering relationships between biological objects from the patterns of co-occurrence in abstracts or texts of published articles.
as the National Center for Biotechnology Information (NCBI)), ImmGen has developed and implemented several new tools to publicly display the data, through dedicated web and smartphone interfaces. These portray the basic expression data, the relationships between genes, the transcripts that distinguish cell types or groups thereof, and coordinated gene clusters and their regulators. The ImmGen data browsers allow cross-lineage comparisons that would not have been possible as a result of any single project. The true impact of the ImmGen data is hard to assess, as the usual metrics of citation number or impact factor do not apply. Database downloads, web traffic and application software usage constitute the new metrics of impact (as of mid-2012, ~300 independent visits are made to the ImmGen server every weekday, from origins that correlate with the worldwide density of immunology research). From these statistics, it is plausible that some fruitful hypotheses have been generated in the community, and that a number of exploratory studies by quantitative PCR have been avoided. In this sense, Petsko's requirement that big science supports little science is perhaps fulfilled.
Consortium biology in immunology?
If we accept the notion that consortium biology is desirable for some questions or explorations, while recognizing and limiting the risks associated with big science, are there areas of immunology in which it would be fruitful? What are the best bets for new opportunities in 'big immunology'? One might delineate three types of endeavour: comprehensive mapping, comprehensive information and comprehensive resources.
Comprehensive mapping. A consortium approach could be used to establish complete charts of all the molecular components that are active in cells of the immune system.
Beyond the definition of coding mRNAs, which has been the focus of the ImmGen project to date, there are many other molecular components -such as microRNAs and non-coding RNAs -that need to be measured to obtain a complete immune regulatory map and to provide a true understanding of the events that underlie immune responses. The main characteristic of the immune system is its capacity to respond to diverse challenges, and a system-wide exploration of responses to pathogens and other triggers, using concerted and highly parallel analyses, will be essential.
Beyond the transcriptome, recent advances in the sensitivity and resolution of proteomic analyses make similar systemwide analyses of the proteome plausible in the near future, with the glycomes and lipidomes perhaps more distant frontiers. However, such extensive system-wide analyses raise the question of how much data we really need, or how much is too much
.
Comprehensive mapping of human genetic diversity has been tackled by HapMap, ENCODE (Encyclopedia of DNA Elements) and other large-scale genetic mapping projects. More specific to immunology is the analysis of variation in immune receptor structure and expression, both on an evolutionary timescale for innate receptors (such as NK cell receptors) and on an organismal timescale for T cell receptors and B cell receptors. Analyses of the complexity of copy-number and allelic variations in NK cell receptors are already underway and are being tackled as part of the International Histocompatibility Working Group and HLDA consortia. For adaptive lymphocytes, the potential offered by high-throughput sequencing to analyse B and T cell repertoires would greatly benefit from coordinated and controlled efforts. It will be essential that we follow the example of the microbiome sequencing centres 12, 13 , which invested many months in collectively deriving robust and reproducible techniques 14 after realizing that their early sequencing data for bacterial community profiling were very divergent. The field of antigen receptor repertoire sequencing will collectively need to define optimized and standardized procedures that avoid the technical traps (such as uneven amplification, the generation of chimeric sequences and other PCR and sequencing errors masquerading as diversity) and generate robust data on somatically rearranged antigen receptor repertoires that are as comparable between laboratories and centres as genomic DNA sequences.
There also has been much recent interest in using the potential of systems-level analyses to bolster the study of human immunology 15, 16 . Much of our knowledge of immune system organization and function stems from experimentation in mice, and although dissimilarities between human and mouse systems may have been overstated, there is a consensus that the field needs a better and more direct handle on human immunology. The application of high-information technologies might, to some extent, help to alleviate the key hurdles faced by human immunology, such as high genetic and environmental variability, restrictions to tissue access and ethical limitations to possible experimentation. Systems-level data might provide signatures that help to smooth out inter-individual variation and to establish blood biomarkers for events occurring deep in tissues that cannot be accessed. But achieving these goals will require a level of coordination, protocol sharing and standardization that the field has not yet reached. Such standards are not straightforward to implement in multicentre contexts, as shown by the experience at the Immune Tolerance Network 17 , which coordinates clinical trials for immune and autoimmune diseases and which had to surmount daunting challenges with procedural reproducibility between study sites, even for such apparently trivial procedures as freezing peripheral blood mononuclear cells (PBMCs). In addition, there are currently no generally accepted reagent panels Box 2 | How much data is enough, or too much?
In a forward-looking opinion piece that was written before the completion of the Human Genome Project, Eric Lander argued for a global view of biology, with a prescription for a complete and coordinated view of DNA, RNA and protein for every one of the 100,000 genes expected to be discovered 24 . But how much data do we truly need? To understand a biological function, is it necessary to know the behaviour of every single member of a multigene family? Are the broad outlines of the molecular changes that take place not sufficient to correctly understand a biological phenomenon, or alter it therapeutically? In addition, the levels of complexity that would be achieved by such a complete and quantitative description would be far beyond the capacity of the human mind to encompass. Only a supercomputer (or a cluster thereof) would have the power to do so. But, then, do we "know" something, if this knowledge is only within our machines?
However, the goal of a global view is probably as unavoidable in biology as in other fields of human discovery. Would ancient explorers have been content to sit by their seas, rivers and mountains, on the grounds that it would just be more of the same elsewhere? Would astronomers have been satisfied with mapping the major constellations, ignoring what lies beyond?
Curiosity and an innate need to reveal the hidden will always fuel the quest to unturn every stone, and the amount of information considered 'reasonable' obviously evolves over time. The right amount of information may be the amount that allows general conclusions at the level of the entire system, at the highest level of resolution, without leading to distraction over minute details.
for basic immune profiling of blood lymphocyte populations 18 . Consortium approaches would be very valuable here, and several efforts -Euroflow, the FOCIS Human ImmunoPhenotyping Consortium and the Human Immunology Project Consortium -are underway, which will hopefully be harmonized.
Comprehensive information. Data are not knowledge. The translation and aggregation of molecular or functional data (from systematic data collections or by extracting data from the published literature) into a form that is both comprehensible and pertinent to immunology could also be a collective project. A goal might be to add a layer of immunological relevance that is usually missing from the excellent data aggregation that is performed generically by the NCBI, European Bioinformatics Institute (EBI) and RIKEN Institutes Database. For instance, the summary on the entry for IL2RA (interleukin-2 receptor α-chain; also known as CD25) in the NCBI gene database states that: "The interleukin 2 (IL2) receptor alpha (IL2RA) and beta (IL2RB) chains, together with the common gamma chain (IL2RG), constitute the high-affinity IL2 receptor". Although this is correct, this description misses the rich knowledge of the role of CD25 in memory cell formation, regulatory T cell differentiation and NK cell activation. Higher-level integration is harder than simple molecular descriptions. Creating such immunological annotations, which is potentially a monumental task, will need creative solutions, perhaps combining directed curation with text mining, Wikipedia-like crowdsourcing and/or competitions.
Comprehensive resources. The third application for consortium approaches is the coordinated generation of sets of common research tools. Several efforts of this nature exist already (TABLE 2) . Beyond the mutant mice maintained by the generic international repositories, more specific to immunology are the N-ethyl-N-nitrosourea (ENU) 19, 20 and gene-trap mutagenesis programmes that target immune phenotypes. These programmes (such as Mutagenetix and the Centre for Modelling Human Disease) are beginning to make available the sperm of mice with identified mutations in a wide array of immuno logically relevant genes. The Biodefense and Emerging Infections Research Resources Repository (BEI) provides microorganisms and re agents for research into host-microorganism interactions. On the reagent side, the NIH Tetramer Core Facility at Emory University, Atlanta, Georgia, USA, provides a wellcontrolled and evolving set of MHC tetramer reagents for specific T cell detection.
One might contend that the immuno logy community missed the opportunity to fully exploit the potential of monoclonal antibodies as shared research tools. Attempts in academic laboratories in the early 1980s to generate comprehensive panels were quickly swamped by the magnitude of the task or were not appropriately funded, and it is only after a significant delay that the for-profit sector saw the potential of large monoclonal antibody panels. Much waste could have been avoided if a strong NIH-sponsored programme, emulating the Histocompatibility Workshops, had coordinated the assembly and distribution of comprehensive collections of mono clonal antibody reagents. Such a need for community-based coordination may become even more important given the everincreasing capability of cytometry techniques for multiplex analyses 21, 22 .
Concluding remarks
Overall, the feeling from the experience of the ImmGen group is that, provided that the shoals of big science are kept in mind and carefully navigated, there is valuable potential in projects of this nature, and we aim to decipher the diversity of the immune system, at the level of genes, molecules, cells and individuals.
